Intramuscular injection of a small amount of radioactive sodium (Na24) was used by Kety as an index of local blood flow in skeletal muscle (1, 2) . The hydrophilic sodium ions are known to exchange fairly slowly over many biological membranes, in contrast to the lipophilic inert gases to which such membranes offer no diffusion barriers (3) . Hence a radioactive inert gas such as xenon'33 is probably a better indicator of blood flow than Na24. Recent clinical studies with intramuscular injection of Xe'33 dissolved in saline have tended to support this conclusion (4, 5) . However, the possible superiority of employing Xe'33 instead of Na24 is best evaluated by using the two tracers simultaneously. Forty such simultaneous observations in ten normal subjects and in ten patients with intermittent claudication are reported in the present study.
Materials and Methods
Ten normal subjects, ages 41 to 73 years (average, 54 years), were studied as the control group. These normal subjects had no symptoms suggestive of intermittent claudication, and all peripheral pulses were normal. None had clinically manifest heart or lung disease. Six of these control cases were hospitalized for minor disorders not affecting the cardiovascular system, and four were healthy hospital employees.
Ten patients with intermittent claudication, ages 43 to 73 years (average, 56 years), were studied as the pathological group. These patients all had typical symptoms after walking a distance of 3 to 600 feet at normal speed and had, in addition, markedly subnormal oscillometric pulsation and absence of peripheral pulse. Three of the patients (Cases 3, 6, and 9 of this group) were hospitalized and confined to bed because of ischemic ulcerations of the skin of the foot. The other seven patients were all in good general condition and were able to manage some degree of work despite the handicap presented by the claudication. Of the ten patients, three * Submitted for publication March 16, 1964 ; accepted May 15, 1964. (Cases 1, 3, and 5 of this group) had only symptoms and signs of unilateral arterial insufficiency; in all the others bilateral disease was manifest.
One-tenth ml of normal saline containing 50 /Ac of Xe'2' in solution and 20 ,uc of Na2' were injected into the thickest part of the tibialis anterior muscle. A sharp needle with an o.d. of 0.4 mm was inserted 1.5 cm at an angle of about 450 with the surface (i.e., the tip of the needle was about 1 cm below the skin). The injection lasted about 15 seconds; the needle was first withdrawn 30 seconds after the injection to reduce possible backflow of the injected material along the needle track.
The local clearances of Xe'2' and Na' were followed with one scintillation detector coupled via two spectrometers to two rate meters. The scintillation detector had a NaI (Th) crystal 5 cm in diameter and about 5 cm thick. A tubular heavy lead collimator 5 cm in diameter (wall thickness, about 2.5 cm; length, 5 cm) was used with the aperture about 2 to 3 cm above the injection site. Both rate meters had a time constant of 3 seconds, and their output was recorded on linear writing potentiometers.
During the study one spectrometer was set so that the corresponding rate meter received impulses from only the strong primary gamma radiation from Na2'.
The other spectrometer was set to record only the peak intensity of the low energy primary gamma radiation (81 kev) of Xe'. For both rate meters the initial counting rate was about 1,000 cps. Approximately a 15% correction for the Na2' Compton scatter, of energy similar to the Xe'2 primary radiation, was applied by using an artificial Na' source and noting the deflection on both potentiometers. This artificial source was a solution of NaCl containing Na' in a glass vial giving about the same amount of scatter in the 81 kev region as Na' injected intramuscularly at a depth of 1 cm. A semilogarithmic plot of each isotope was made after also correcting for background radioactivity (Figure 1 ).
The subjects were studied after about 15 minutes of rest at a room temperature of approximately 200 C. After the injection of the mixture of the two isotopes, their clearance was followed in the resting muscle for about 5 minutes. Then a cuff placed just above the knee was suddenly inflated to a pressure of 250 to 300 mm Hg, and the subject was asked to move the ankle joint by doing at full force dorsiflexion and plantarflexion movements.
After about 60 to 100 such movements, muscle fatigue 1805 and some degree of ischemic pain developed; further movements could not be carried out. At this point the cuff pressure was released, and the isotope clearance during the reactive hyperemia was followed for 10 to 15 minutes.
The extra radiation dose involved in adding Xe"3 to the conventional Na" clearance method is exceedingly small, since Xe"' is rapidly cleared through the lung. Cl (ml/100 g/minute) = 100 1 (-C'/C). [3] XNa is the ratio of the tissue sodium concentration (including sodium in its contained blood) to the whole blood sodium concentration. These two concentrations may be estimated at about 40 ,uEq per g (8) and 80 ,uEq per ml, respectively (sodium in red blood cells and in muscle cells has not been taken into account because of the known slowness of Na exchange in and out of cells). Thus, 40 XN. 0.5 ml/g. [4] Xx. has been determined experimentally (9) . It varies slightly with the hematocrit of the blood, but this variation has been neglected, since all subjects studied had a normal hematocrit value. The in vAvo value of Xx. corrected for the specific gravity of blood to obtain it in the units employed here was, for blood with 15 g hemoglobin per 100 ml, 0.73/1.05, i.e., Xx. c 0.7 ml/g. [5] -C'/C is the relative rate of decrease of tissue concentration. It can be obtained from the observed curve at any time. This curve gives the tissue concentration multiplied by a factor related to counting efficiency and geometry. But, as this factor affects both numerator and denominator, it cancels out. -C'/C is equal to d ln C/dt, which is the slope of the tangent of In C. By conventional semilogarithmic plotting, the slope of the tangent is 0.693 per tj, tj being the half-time in minutes of the tangent.
Relation of clearance rates to blood flow. The relation of clearance rates to blood flow is given by Equation 2. If diffusion equilibrium is maintained, then Cv= Cvequii, i.e., C1 equals f, and the CINa/ClX. ratio is unity. If equilibrium is not maintained, then Cv < Cvequii and Cl < f. In this situation the ClNa/Clx. ratio is not likely to remain equal to unity, as an equal degree of disequilibrium is rather improbable. A ClN./Clx. ratio below unity shows predominant exchange limitation for Na, whereas a ratio above unity shows predominant exchange limitation for Xe.
Results
During rest the clearance rates were low in normal as well as diseased legs, and there were no significant differences between the two groups (Tables I and II After the release of the tourniquet the two clearance rates increased (Figures 1 and 2) . The initial hyperemic response was similar for both clearances until about 5 to 10 ml per 100 g had been cleared [ Clse.
According to the theoretical consideration given above, this result indicates that Na24 does not diffuse freely from the tissue to the capillary blood during maximal hyperemia. For the Xe133 maintenance, diffusion equilibrium during hyperemia cannot be evaluated from the present studies per se. If it is essentially maintained, then Clx,3 is a measure of capillary muscle blood flow even during maximal hyperemia.
Regardless of whether this is so or not, the present series demonstrated clearly that Xe'33 gave a more clearcut separation between normal and diseased legs than Na24 (cf. Figure 3 ).
Discussion
The Na24 clearance and muscle blood flow.
The transport of electrolytes from blood to tissue in isolated skeletal muscles has been investigated in a series of studies by Renkin (7, (10) (11) (12) . Infusing K42 and Rb8V at a constant concentration via the arterial supply, he found that only at very low blood flow levels of about 2.0 ml per 100 g per minute did the initial extraction ratio (Cartery -Cvein)/Cartery approach the value close to unity theoretically expected for complete equilibrium. At higher flow rates a progressive decrease of this extraction ratio was found, values about 0.5 being reached at a flow level of about 10 ml per 100 g per minute. These findings could be accounted for by shunting of arterial blood past the capillaries. However, to postulate gross shunting reaching 50%o at so moderate a flow level as 10 ml per 100 g per minute was on general grounds considered most unreasonable, as such shunted blood would serve no nutritive purpose. Therefore, Renkin believed that incomplete transcapillary exchange of electrolytes was causing the drop in extraction ratio with increasing flow. This conclusion is confirmed by the present findings. Both Na24 and Xe'33 are cleared locally via the capillaries and are thus unable to measure shunt flow, i.e., the sharp decrease of the ClNa/ Clxe ratio during hyperemia points to increasing exchange limitation (lack of equilibrium) at the capillary level for Na with increasing flow.
At high flow rates CINa is probably a measure of the capillary diffusion capacity. This capacity or "permeability-surface area product" is defined as the limiting clearance value (in milliliters per 100 g per minute) obtained when blood flow is so rapid (at unchanged capillary permeability and surface area) that the capillary tracer concentration remains very low in the capillary blood (7). Thus it is a measure of the unidirectional Na flux from tissue to capillary blood.
It follows from Renkin's studies and from the data obtained in the present study that for muscle blood flows between a low level of about 2 ml and a high level of 15 to 20 ml per 100 g per minute, ClNa cannot readily be interpreted. In this range of blood flow, Prentice, Stahl, Dial, and Ponterio studied the total flow and the Na24 clearance in the isolated biceps muscle of the dog (13) . Only a fairly gross correlation of the two parameters was found, which may be considered as a corollary of the complexity of the factors determining ClNa in this flow range. As a consequence of the above analysis, it would appear difficult to employ clearance data for Na24 or other ions to prove or disprove the existence of a dual circulation (shunt) in skeletal muscle.
The Xe'33 clearance and muscle blood flow. If Clxe is to be a measure of local blood flow, then this tracer must remain essentially in diffusion equilibrium regardless of the flow. Due to its lipoid structure the total capillary membrane surface is presumably available for inert gas transfer. In contrast, the exchange of ions in the capillaries of the extremities appears to be limited to pores in the wall occupying only about 1/1,000 of the surface area (14) . Disregarding membrane resistance, the diffusibility of the inert gases in the tissues is high. It can be calculated that the inert gas concentration in capillary blood leaving a tissue is likely to be within a few per cents of the equilibrium value [Copperman as quoted by Kety (3) ].
Experimental evidence supports this conclusion. In the myocardium both heavy water and 1131-antipyrine have been shown to remain in diffusion equilibrium even under rapidly varying blood concentrations and at high blood flow levels (15, 16) To critically evaluate ClOe as a measure of local capillary blood flow in the muscle, this method should, ideally, be compared to a reliable independent method. Such a method does not exist. The best approach would therefore seem to be to compare Clxe to total venous outflow from an isolated muscle in the experimental animal. In man a comparison to the result of venous occlusion plethysmography of the calf is of interest, bearing in mind that the latter method also measures blood flow in bone and skin. Only the results obtained in normal subjects will be compared here, since differences of patient groups are likely to exist.
Plethysmographic studies of calf perfusion are usually expressed in milliliters per 100 ml calf per minute, but since the specific gravity of the calf is close to 1, I have without correction changed the unit to milliliters per 100 g calf per minute. The resting calf perfusion averaged 1.9 and 3.6 ml per 100 g per minute in the two series of normal subjects of all age groups (17, 18) . The corresponding resting value averaged 2.8 ml per 100 g per minute in the present series (20 legs). The maximal calf perfusion after ischemic work averaged 44 ml per 100 g per minute in a series of normal subjects of all age groups (19) . The corresponding maximal Clxe value averaged 56 ml per 100 g per minute.
Since the maximal flow rate in the muscles alone can be expected to exceed that of the calf as a whole, the observed agreement is considered satisfactory and tends to validate the Xe133 method.
ClNa and Clxe during reactive hyperemnia as a practical test for diagnosing arterial obstruction. The marked difference in the clearance of two tracers during the main part of the hyperemic response has been commented on. Only initially (Figures 1 and 2 ) was the ClNa fairly consistently subnormal in the patients with arterial obstruction, and, as mentioned, reliable quantitation of this early difference of ClNa proved difficult, since it had its maximal value at only a single point (time) after release of the cuff. Apparently Xe133 was superior to Na24 with respect to separating the two clinical groups.
In addition, Xel33 has several other advantages over Na24. The half-life of Xe'33 is longer (5.3 days) than for Na24 (14 hours 
